ADDITIVE MANUFACTURING OF MOLDS FOR FABRICATION OF INSULATED CONCRETE BLOCK
This phase 1 technical collaboration project (MDF-TC-2016-101) began on August 18, 2016. A number of operational delays at one of NRG's production facilities resulted in a long delay between delivery of the test parts from ORNL and their testing in a production environment. Work was completed on December 22, 2017. The collaboration partner, NRG Insulated Block, is a small business. While form and fit of the additively manufactured block molds were acceptable, the molds failed to function properly during NRG's testing; the blocks collapsed when extruded from the printed molds.
BACKGROUND
NRG is a small enterprise with two employees and working with six manufacturing companies who produce the insulated concrete masonry units (CMUs). These concrete blocks (Fig. 1) are uniquely designed to incorporate rigid expanded polystyrene (EPS) thermal insulation, thus eliminating the need for additional insulation that is typically required with traditional concrete block designs. The unique design results in a more complex interior geometry that makes fabrication of the block mold parts time-consuming and expensive. Consequently, NRG approached ORNL seeking a cost-effective way to fabricate these block mold parts using additive manufacturing techniques being developed at the Manufacturing Demonstration Facility (MDF).
TECHNICAL RESULTS
NRG provided a set of two-dimensional drawings that ORNL used to construct solid models of the block mold parts (Fig. 1) . The solid models were created and converted into surface models in SolidWorks (Fig. 2) . The largest of these parts, the mold core serpentine, is approximately 16.6-in wide by 8.3-in tall by 4.4-in deep. Because the parts were relatively small and a smoother surface finish was desirable, ORNL opted to fabricate these parts on its Stratasys Fortus 900 machine rather than on one of the large-scale Big Area Additive Manufacturing (BAAM) machines.
Stratasys's Insight 3D Printing Software was then used to optimize the orientation for each part, to slice the models, and to generate tool paths for fabrication on the Fortus 900 using ULTEM™ 9085, a high-performance thermoplastic. ULTEM™ 9085 was chosen because it is a resin that is flameretardant, has a high strength-to-weight ratio, and has a high stiffness. Depending on the orientation of the build, ULTEM™ 9085 has a compressive strength yield of 87 MPa to 100 MPa, and a compressive modulus of 1,731 MPa to 7,012 MPa. The ORNL printed parts were shipped to NRG Insulated Block in early January 2017. Upon receipt, NRG gave the parts to one of their manufacturers who thought that, except for the core bells, the parts were good enough to try. The concern was that the walls of the U12 core bells were too thin to withstand the stresses generated during block fabrication. ORNL redesigned the bell cores and increased the wall thickness of the tapered bells to 1.25-in. Modified core bells were delivered to NRG in late January 2017 for production testing.
Due to a number of operational delays, NRG was unable to conduct a production test of the printed molds until the last week of November 2017. The block molds were installed on a line in one of NRG's production facilities (Fig. 3) . Unfortunately, production of the blocks with the printed molds was unsuccessful. The form and fit of the molds was adequate (Fig. 4) , and the molds withstood several production cycles, but the concrete mix collapsed (Fig. 5) when it was extruded from the mold. The failure was due to the relatively rough interior surfaces of the mold and the abrasive nature of the concrete mix that caused the blocks to fail on extrusion. 
IMPACTS
Despite the failure of the molds created during phase one of this MDF Technical Collaboration, NRG still sees additive manufacturing as a viable approach to reducing its operational costs through the significant time and cost reductions seen through additively manufacturing molds. ORNL currently estimates a fully burdened (material plus maintenance and operation of the machine) cost of $22/in 3 for ULTEM™ parts printed on the Fortus 900, which makes the fabrication costs of the parts approximately $13.2K per set compared to a conventional manufacturing cost of approximately $23K. Additionally, fabrication time for the molds printed on the Fortus 900 was just over eight days, as compared to the 8-10 weeks of lead time required of conventional techniques.
However, the existing business model does not motivate NRG's manufacturing partners to aggressively pursue such alternate paths. NRG has expressed an interest in a phase 2 effort that might take advantage of ORNL's advanced manufacturing experience. Possibilities include fabrication of some of the smaller parts in ORNL's binder-jet machines, such as the ExOne, as well as fabrication of some of the larger parts on one of the metal BAAM machines, such as the Wolf Robotics mBAAM system, currently being researched at ORNL.
CONCLUSIONS
While form and fit of the additively manufactured block molds were acceptable, the molds failed to function properly during NRG's testing; the relatively rough interior surfaces and the abrasive nature of the concrete mix caused the blocks to fail on extrusion. Because of the long delay between delivery of the molds and their actual testing, there was not an opportunity to improve the molds. However, there are possibilities for significant time and cost reductions through using additive manufacturing to fabricate molds. ORNL currently estimates a fully burdened (material plus maintenance and operation of the machine) cost of $22/in3 for ULTEM™ parts printed on the Fortus 900, which makes the fabrication costs of the parts approximately $13.2K per set compared to a conventional manufacturing cost of approximately $23K. Additionally, fabrication time for the molds printed on the Fortus was just over eight days, as compared to the 8-10 weeks of lead time required of conventional techniques.
If the proper process was found and finetuned, there is a possibly of decreasing the cost of mold production approximately 10K and the lead time from weeks to days.
